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SECTION 1 

INTRODUCTION 

The development of a measuring technique, based on the Langmuir probe, 

(1-1) has provided a valuable new instrument for ionospheric investigation. 

Two flights made on an earlier contract (NASw-98) demonstrated the feasi- 

bility of studying the fine structure of the electron density profile in 

the E layer. ('-*) In particular it was found that the thin layers of high 

electron density responsible for sporadic-E echoes on an ionosonde could 

be readily observed by sounding rockets and it became feasible to plan 

direct measurements aimed at determining the cause of this remarkable 

phenomenon. 

It has recently been proposed by Whitehead (1-3)that occurrence of 

wind shears in the ionosphere could produce thin layers of high electron 

density. It also happened that more-or-less regular measurements were 

being made of the wind structure in the lower ionosphere using the sodium 

vapor trail method. It was therefore decided that a direct test of 

Whitehead's theory was possible and this program was the result. 
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I n  a d d i t i o n  t o  an i n v e s t i g a t i o n  of t h e  r o l e  of wind shears  i n  the 

formation of sporadic  E t he  t h r e e  rocket  f l i g h t s  had o the r  o b j e c t i v e s ,  

some being of a s c i e n t i f i c  na tu re  while o t h e r s  r e l a t e  t o  t h e  v e h i c l e s  

and a n t i c i p a t e d  problems which concerned a subsequent c o n t r a c t  (NASw-500). 

The s c i e n t i f i c  o b j e c t i v e s  were modified from those s t a t e d  i n  the  o r i g i n a l  

proposal  due t o  d i f f i c u l t i e s  of scheduling the  rocke t  f l i g h t s ,  p r i n c i p a l l y  

due t o  delays caused by unsu i t ab le  weather cond i t ions .  Also the pe r fo r -  

mance of t h e  t h r e e  rocke t s  was r a t h e r  poor and they f a i l e d  t o  reach the  

p red ic t ed  a l t i t u d e .  However t h e  p r i n c i p a l  ob jec t ive  was completed s a t i s -  

f a c t o r i l y  and a r e l a t i o n s h i p  between sporadic E and wind shear e s t a b l i s h e d .  

The rocke t  f l i g h t s  w e r e  used t o  tes t  a new method of t r a j e c t o r y  de t e r -  

mination f o r  small sounding rocke t s  based on the  t ime-o f - f l i gh t  above 

a known a l t i t u d e  ( g r e a t e r  than second-stage burnout) .  This method was 

subsequently used e f f e c t i v e l y  a t  Fo r t  Church i l l ,  Manitoba, during t h e  

e c l i p s e  of 20 J u l y  1963, where, a s  expected, the r ada r  equipment was inade- 

quate  f o r  skin- t racking the  smaller  rocke t s .  

The launch t i m e s  and main f ea tu res  of t he  t h r e e  rocke t  f l i g h t s  which 

comprise t h i s  program are a s  follows. A l l  launches were from Wallops 

I s l a n d ,  V i rg in i a .  

(1) Nike-Cajun 10.99, 0525 EST, 7 November 1962. An i n t e n s e  l a y e r  

of sporadic  E was pene t r a t ed  a t  100krn. Otherwise t h i s  was a t y p i c a l  night-  

t i m e  p r o f i l e .  The wind s t r u c t u r e  was observed 28 minutes l a t e r .  

(2) Nike-Cajun 10.108, 0557 EST, 30 November 1962. The e l e c t r o n  

d e n s i t y  p r o f i l e  on t h i s  occasion showed r a t h e r  less  i r r e g u l a r  s t r u c t u r e  
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than previous nighttime measurements. The ionosonde indicated a disturbed 

ionosphere at the time. The wind structure was measured 18 minutes later. 

(3) Nike-Cajun 10.109, 1700 EST, 5 December 1962. This measurement 

at sunset showed an irregular electron density profile characteristic of 

the nighttime observations. The wind structure was measured 16 minutes 

later a 

Two technical reports have been issued: 

(1) "A Simple Method of Trajectory Determination for Sounding 

Rockets", L. G. Smith, GCA Technical Report No. 63-9-N, March 1963. 

(2) "Measurements of Electron Density Profile in the Nighttfme E 

Region", L. G .  Smith, GCA Technical Report 63-22-N, June 1963. 

Most of the material from these reports is included in the present report 

In addition the theory and operation of the measuring technique 

has been described in the following report: 

"A DC Probe for Rocket Measurements in the Ionosphere", L. G .  Smith, 

GCA Technical Report No. 63-19-N, June 1963. This report should be 

consulted for details of the instrumentation of the rockets. 
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SECTION 2 

SPORADIC- E LAYER 

This most i n t e r e s t i n g  f e a t u r e  of t he  E r eg ion  of the ionosphere has 

been recognized from the  ear l ies t  s t u d i e s  of t h e  region.  The sporadic-E 

l a y e r ,  which forms a t  about t he  same he igh t  as t h e  normal E l a y e r ,  i s  

highly i r r e g u l a r  (hence i t s  name) and correspondingly unpredictable .  It 

has no p r a c t i c a l  value i n  normal r a d i o  communication bu t  has always been 

regarded with g r e a t  i n t e r e s t  a s  a major f e a t u r e  of t he  ionosphere. N o  

e n t i r e l y  s a t i s f a c t o r y  explanat ion has y e t  been given of t he  formation 

of t h e  l aye r  but  i n v e s t i g a t i o n s  such as t h a t  descr ibed i n  t h i s  r e p o r t  

have ind ica t ed  the  value of sounding rocke t s  i n  i d e n t i f y i n g  the  mechanism. 

The s p o r a d i r E  echo on an ionosonde i s  def ined by one or more of t h e  

following c h a r a c t e r i s t i c s :  

(1) Random t i m e  of occurrence; 

(2)  P a r t i a l  transparency; 

(3)  Var ia t ion  of  pene t r a t ion  frequency with t r a n s m i t t e r  power; 

( 4 )  Ref lec t ion  he igh t  independant of frequency. 

The sporadic-E echo on an ionosonde i s  cha rac t e r i zed  by two frequen- 

The l a t t e r  i s  the h ighes t  frequency a t  which an echo cies f E and foEs. b s  
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i s  obtained;  f E i s  the h ighes t  frequency a t  which the  sporadic-E l a y e r  

i s  opaque, a s  judged by the absence of any echo from the  higher l aye r s .  

I n  the  frequency i n t e r v a l  between fbE and foEs the  sporadic-E l aye r  i s  

t r anspa ren t  and echoes can be seen from the higher l a y e r s  i n  a d d i t i o n  t o  

the  sporadic-E echo. The most i n t e r e s t i n g  d i f f e r e n c e  i n  the two quant i -  

t i e s  i s  i n  t h e i r  v a r i a t i o n  with l a t i t u d e .  The incidence of sporadic E 

( a s  given by f E ) increased markedly i n  a narrow zone centered on the 

geomagnetic equator.  The "blanketing" frequency f E on the other  

hand, shows a much smaller e f f e c t  near t he  equator .  

b s  

S 

o s  

b s y  

The g r e a t e s t  p a r t  of the body of knowledge about t h e  occurrence and 

na tu re  of sporadic  E i s  based on da ta  from ionosondes. More r e c e n t l y  

two o the r  techniques have been used t o  supplement the o r i g i n a l  r a d i o  

( v e r t i c a l )  sounding. These a r e  the  back-scat ter  technique and t h e  va r ious  

rocket-borne probing techniques.  The g r e a t  va lue  of t hese  i s  t h a t  they 

complement each o the r .  The ionosonde i s  most va luab le  f o r  the accumula- 

t i o n  of s t a t i s t i c s  on the occurrence of sporadic  E by t i m e  and p l ace  and 

a l s o  on the he igh t  of the l aye r .  The back- sca t t e r  technique, used a t  

f ixed-frequencyy g ives  a map of t h e  layer  and shows the movement. Rockets 

a r e  most va luab le  f o r  giving d e t a i l e d  information of the e l e c t r o n  d e n s i t y  

p r o f i l e  of t he  l a y e r .  

These techniques g ive  a p i c t u r e  of  t he  sproadic-E l a y e r  i n  the  t e m -  

p e r a t e  zone a s  t h i n  clouds or patches of high e l e c t r o n  dens i ty  apparent ly  

moving with considerable  v e l o c i t y .  The th i ckness  of the l aye r  i s  about 

1 km, usua l ly  occuaing c l o s e  t o  100 km a l t i t u d e .  The cloud has  an average 
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diameter of about 200 km and v e l o c i t y  about 

p e r t i e s  de f ine  a type of sporadic E aga ins t  

compared 

60 m/sec. (2-1) These pro- 

which o the r  types may be 

0 A t  geomagnetic l a t i t u d e s  g r e a t e r  than 60 the  du i rna l  v a r i a t i o n  i s  

i n  oppos i t e  phase t o  t h a t  of t h e  mid - l a t i t udes .  Thus a u r o r a l  zone 

sporadic  E shows a d a i l y  maximum s h o r t l y  before  midnight while  t he  cor- 

responding t i m e  i n  t h e  temperate zone i s  s h o r t l y  before  noon. 

t he  a u r o r a l  zone sporadic  E shows l i t t l e  seasonal v a r i a t i o n  i n  c o n t r a s t  

t o  t h e  marked preference f o r  t h e  summer months which i s  observed i n  t h e  

temperate zone. Most important t he  sporadic-E incidence i n  the  a u r o r a l  

zone i s  p o s i t i v e l y  c o r r e l a t e d  wi th  magnetic a c t i v i t y  i . e . ,  i t  shows a 

( s t rong)  preference f o r  d i s tu rbed  days whereas i n  t h e  temperate zone 

sporadic  E shows a (weak) preference f o r  q u i e t  days. 

Again, 

I n  the e q u a t o r i a l  zone, which i s  def ined t o  be t h e  r eg ion  near t he  

0 equator  with a dip-angle  of l e s s  than 5 , t h e  incidence of sporadic  E 

i s  remarkably high during t h e  hours of day l igh t  and f a l l s  o f f  sharply 

a t  n i g h t .  There i s  no marked seasonal v a r i a t i o n .  

On an ionosonde t h e  sporadic-E l aye r  combines with the  normal l a y e r s  

(E, F1, F ) t o  produce c h a r a c t e r i s t i c  types of echoes. 

i n d i c a t e  fundamental d i f f e r e n c e s  i n  the l aye r  i t s e l f  f o r  a p a r t i c u l a r  

zone. They do, however, support  t h e  conclusion t h a t  t h e r e  i s  a funda- 

mental d i f f e r e n c e  between sporadic  E of t he  au ro ra l  zone and t h a t  of t h e  

temperate zone. I n  discussing the  mechanism of sporadic  E ,  w e  s h a l l  only 

consider  t he  t h i n  l a y e r  type allowing t h a t  i t  may not  be the  explanat ion 

These do n o t  
2 
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a 

of a l l  f e a t u r e s  of t he  ionosphere which have a t  va r ious  t i m e s  been iden- 

t i f i e d  a s  sporadic  E. 

The d i f f i c u l t y  of explaining the sporadic-E l a y e r  i n  terms of t h e  

normal photochemical equi l ibr ium of the ionosphere can b e s t  be i l l u s t r a -  

t ed  by an example observed on t h e  f l i g h t  of Aerobee 4.48. The ionosonde 

a t  Wallops I s l a n d ,  operat ing a t  5 minute i n t e r v a l s  from 0600 showed a 

sporadic-E echo a t  each observat ion t o  the end of t he  5 minute schedule 

one hour a f t e r  t he  f l i g h t .  During t h e  rocke t  f l i g h t  fE w a s  5.2 m c / s .  . 

The e l e c t r o n  dens i ty  p r o f i l e , F i g u r e  2 - 1 ,  shows a sporadic-E l a y e r  with 

the  peak a t  102.9 km and a th i ckness  of 3.0 km. From 8.8 x 10 cm a t  

102.0 km, the  e l e c t r o n  dens i ty  inc reases  by a f a c t o r  of 2.8 t o  2.5 x 10 

a t  102.9 km. I f  t h i s  w e r e  t o  be explained on the  b a s i s  of t he  equ i l ib r ium 

S 

4 - 3  

5 - 3  cm 

equa t i on 

i t  would be necessary t o  p o s t u l a t e  t h a t ,  a t  t he  peak of t h e  l a y e r  e i t h e r  

( a )  t he  r a t e  of i o n i z a t i o n ,  q ,  was increased o r  (b) t he  recombination 

c o e f f i c i e n t ,  a ,  was decreased by the same f a c t o r  of (2.8) = 8 from 

what i t  w a s  i n  t h e  adjacent  p a r t  o f - t h e  E region.  E i t h e r  of t hese  expla- 

2 
.. 

na t ions  i s  unacceptable and i t  i s  concluded t h a t  t h e  sporadic-E l a y e r  i s  

n o t  formed i n  t h e  same way a s  t h e  normal ionospheric  l a y e r s ;  a completely 

d i f f e r e n t  mechanism must be invoked. E a r l i e r  a t tempts  t o  exp la in  t h e  

formation of sporadic  E of t h e  temperate zone by s o l a r  corpuscular r ad ia -  

t i o n ,  meteor i o n i z a t i o n  and, i n  I n d i a ,  by thunderstorms have each been 

found t o  be i n c o n s i s t e n t  with observat ions.  
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Figure 2-1. Elec t ron  dens i ty  p r o f i l e  showing Sporadic E l a y e r ,  
25 May 1962, 0743 EST. 
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The only acceptable  explanat ion a t  p re sen t  seems t o  be i n  t e r m s  of 

a r e d i s t r i b u t i o n  of e l e c t r o n s  from the normal E l a y e r .  Several  au tho r s  

have pointed out  t h a t  ho r i zon ta l  motions of the atmosphere would, i n  

t h e  presence of t he  e a r t h ' s  magnetic f i e l d ,  impart  a v e r t i c a l  v e l o c i t y  

t o  t h e  charged p a r t i c l e s  producing a v e r t i c a l  t r a n s p o r t  i n  t he  plasma. 

(1-3) has  deduced an expression f o r  t he  v e r t i c a l  v e l o c i t y  V Whitehead 

i o n s ;  f o r  t h e  region below 120 km, where t h e  ion  c o l l i s i o n  frequency v, 

of 
Z 

i s  g r e a t e r  

I 

than the  ion  gyrofrequency LU he f i n d s  t h a t  H i  

where 8 i s  

and t h e  
Y 

wind shear  

Vz a cos 8 

t h e  magnetic dip-angle,  U t h e  E-W component of wind v e l o c i t y  

mean value of U i n  t he  region.  Thus, i n  t he  presence of a 

i o n s  w i l l  accumulate a t  the he igh t  a t  which V = 0. Since 

t h i s  mechanism shows t h a t  t h e  incidence of  sporadic  E should 

Y 

Y 

z 

i n c r e a s e  with t h e  ho r i zon ta l  component of t h e  e a r t h ' s  magnetic f i e l d .  

This i s ,  i n  f a c t ,  supported by the 'obse rva t ions  i n  the  temperate zone 

and i s  t h e  s t r o n g e s t  f e a t u r e  of t he  theory. 

The e x i s t a n c e  of wind shea r s  i n  the E r e g i o n  was f i r s t  e s t a b l i s h e d  

through observat ions of long du ra t ion  meteor t r a i l s  and more r e c e n t l y  

systematic  measurements have been made by introducing a man-made t r a i l  

i n t o  t h e  r eg ion .  Up t o  t h e  p re sen t  t i m e  not  enough d a t a  on 

wind s t r u c t u r e  i s  a v a i l a b l e  t o  compare with the a v a i l a b l e  s t a t i s t i c s  

on sporadic-E occurrence.  However, i t  does appear p o s s i b l e  t o  use 

sounding rocke t s  t o  examine a few s p e c i f i c  c a s e s  of sporadic  E t o  see  i f  

any obvious r e l a t i o n  t o  wind shear e x i s t e d .  The t h r e e  rocke t  f l i g h t s  of 

t h i s  p r o j e c t  were t h e r e f o r e  planned with t h i s  a s  t h e  s c i e n t i f i c  o b j e c t i v e .  
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SECTION 3 

EXPERIMENTAL PROGRAM 

3.1 PAYLOAD 

The measuring technique for electron density is a variation of the 

Langmuir probe. In the normal Langmuir probe technique, an electrode is 

inserted into the plasma and the current to it measured as a function of 

the potential of the electrode. Analysis of the current-voltage curve 

gives electron temperature and electron density and, in the case of rocket 

and satellite applications, the vehicle potential. Since each sweep of 

voltage (a few volts negative to a few volts positive) gives only one 

value of electron density the technique is somewhat limited where rapid 

changes are occurring. This limitation has been overcome in the present 

instrument by keeping the electrode at a fixed (positive) potential for 

most of the time, interrupting this at regular intervals to sweep the 

potential in the manner of the normal Langmuir probe. (I-') m e  current 

at fixed potential should be (and is) proportional to electron density. 

The only assumption made is that electron temperature is constant; the 

current is proportional to the average velocity of the electrons and 

hence varies as . Over the limited range of height in 

this investigation this appears to be a valid assumption. The proportion- 

ality of current to electron density has been verified in the flight of 

10 



Nike-Apache 14.31 which carried a DC probe (as we prefer to call the instru- 

ment) and a CW propagation experiment prepared by S. J. Bauer. With the 

arrangement we are using (nose tip electrode) the proportionality factor 

is such that an electron density of 10 cm produces a probe current of 

10 microamp for a probe potential of 2.7 volts. 

5 -3 

Theoretically, the Langmuir probe is limited to a collision-free 

plasma which would limit its use to the ionosphere above about 90 km. 

However, on daytime flights we have measured probe current down to 50 km 

and the shape of the profile strongly suggests that the proportionality 

of probe current and electron density is maintained in the D region. 

The payloads of Nike-Cajuns' 10.99, 10.108 and 10.109 are shown 

schematically in Figure 3-1.  The major components and their functions 

are in sequence from the nose: 

(1) Nose electrode. The nose tip of the payload is insulated from 

the body of the rocket and used as the electrode for the DC probe. 

(2) Magnetic aspect sensors, Schonstedt Model RAM-3. Two aspect 

sensors are used, one mounted on the longitudinal axis of the rocket and 

used to measure the precessional motion and a second, transverse to the 

first, which is used to measure spin rate. 

(3 )  Probe battery. Mercury cells are used to power the sweep 

circuit of the probe. 

( 4 )  Program unit. The electro-mechanical program unit generates 

the voltage waveform for the probe. 

bration and contains a commutator. 

It also introduces a periodic cali- 



OICB67-  Ill0 

ASPECT CIRCUITS a- 

NOSE ELECTRODE 

LONGITUDINAL ASPECT 

TRANSVERSE ASPECT 

\ -  PROBE BATTERY I 
PROGRAM UNIT nt- 
ELECTROMETER 

SUB-CARRIER OSCILLATORS 

CONVERT E R 
J -.'I 

L 
I TRANSMITTER 

MAIN BATTERY 

ADAPTOR 
HEAD CAP 

CAJUN MOTOR 

I + I 

1 1 1 '  

. 34" 

31'' 

Figure 3-1. Payload configuration for Nike-Cajun 10.99, 10.108 and 10.109. 
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(5) Electrometer. A simple feedback electrometer is used to measure 

the probe current. 

(6) Subcarrier oscillators, Data-Control Systems Model AOV-3s. Two 

s.C.0.'~ are used: channel E (40 kc/sec k 15%) carries the probe infor- 

mation and channel A (22 kc/sec k 15%) the commutator output. 

(7) Converter. The dc-to-dc converter generates + 200 v., + 6 v. 
and -28 v. for the electronic equipment. 

(8) Transmitter, Telechrome Model 1475B. This FM/F'M transmitter 

has a 2 watt output. 

(9) Antennas. The two quadraloop antennas are fed in opposite 

phase. 

(10) Regulator. 

(11) Baroswitch, Speidel Model AA200. These are used as altitude 

This reduces the battery voltage to 28 k 0.1 v. 

switches. Payload 10.99 carried two, one set for 55,000 ft and one for 

70,000 ft. Payloads 10.108 and 10.109 carried one set for 55,000 ft. 

(12) Umbilical Connector. A 20-pin connector is used, held by an 

explosive bolt (Holw No. 2503-10) which is fired from the blockhouse. 

(13) Transfer switch. Power transfer (internal-external) is ac- 

complished by a motor-driven bank of microswitches. 

this are two cut-off relays which+remove all signals from the umbilical 

connector when de-energized. 

Associated with 

(14) Battery, Eagle-Picher, No. 1025-V. This one-shot battery has 

an initial rating of 2 amp for 1 hour. 

The overall length of the payload is 65 in and its weight is 53-1/2 

pounds. 
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The probe c a l i b r a t i o n  r e s i s t o r  was, on these  t h r e e  f l i g h t s ,  connected 

Thus a p e r i o d i c a l  c a l i b r a -  through the  baroswitch a s  shown i n  Figure 3-2. 

t i o n  was obtained i n  t h e  normal way p r i o r  t o  launch i n  t h e  e a r l y  p a r t  

of the f l i g h t  and a t  t h e  end of t h e  f l i g h t  bu t  t h i s  was replaced by a 

zero check during t h e  major p a r t  of the f l i g h t .  I n  p r a c t i c e  t h e  ze ro  

of t he  electrometer  does n o t  change appreciably a f t e r  30 minutes warm- 

up and t h e  added complexity i s  not  j u s t i f i e d .  

The arrangement of t h e  commutator segments i s  shown i n  Figure 3-3 .  

14 - 
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O l C B l e  -32 I D  

A :  5 volt (ref.)  

8 :  Transverse Magnetometer 

C: Longitudinal Magnetometer 

D: Tr .  Magnetometer Zero 

E: Long. Magnetometer Zero 

F: 0 volt ( ref . )  

G: Baroswitch 1 (55,000 f t )  

H: Baroswitch 2 (70,000ft) 

I :  output  

COMMUTATOR SEQUENCE: AHCBGCBFCBECBDCB 
SEQUENCE DURATION: 0 . 5  second (nominal) 

Figure 3-3. Commutator fo r  Nike-Cajun 10.99, 10.108 and 10.109. 
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3 . 2  FLIGHT SUMMARY 

The following information i s  given f o r  r e fe rence .  

(1) Nike-Cajun 10.99 

I d e n t  i f i c a  t ion 

F l i g h t  Number 

Wallops Model Number 

Engine/Motor Number 

Rocket Type 

Number of Stages 

Place of F i r i n g  

Date of F i r i n g  

T ime  of F i r i n g  

NASA 10.99 C I  

G2- 1092 

- 1st Stage 19668, 2nd Stage PV-16-138-6 

Nike- Ca j u n  

TWO 

Wallops I s l a n d ,  V i rg in i a  

7 November 1962 

1025 Z; 0525 R 

Flight Infcrmztim ( f r c m  Radar Skin Track) 

Predicted** Observed 

Peak A l t i t u d e :  93 s t .  m i .  81.5 s t .  m i .  

Peak Time:  189 sec.  178  sec.  

I g n i t i o n  Data: Time A l t i t u d e  Veloci ty  
s ec f t  f t /  sec  

Bottom Stage 0 0 
Stage 2 18.6 37 , 600 

Burnout Data: Time A 1  t i  tude 
sec f t  

Bottom Stage ( e s t )  3.5  5600 
Stage 2 22.1 49190 

**Prediction based on f l i g h t  weight - n o t  es t imated weight.  

17 

0 
1510 

Veloci ty  
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Impact Data : Timc T:?pact Location 
sec Range Azimuth 

Stage 2 354 sec 452,000 ft 104O 

Launcher Setting: Actual Effective 

Azimuth from True North: looo goo 

Elevation above Horizontal : 77.5' 80' 

Rocket Information 

Total Rocket Measured Weight (including payload) 1594.6 lb. 

(Propellant included in the above) 

Total Rocket Length: 321.8 in. 

Individual Stage Weights and c.g.'s: 

Weight C.G. C.G. Total 
lbs in Reference Component 

Length (in) 

Payioad 53.5 46 Nose Tip 65.0 

Stage 2 201 107.1 

Stage 1 1340.1 75 N.E.P. . 149.7 

P.L. + Stage 2 254.5 65.5 N.E.P. 172.1 

(2) Nike-Cajun 10.108 

Ident i f i cat i on 

F 1 i g h t Numb er NASA 10.108 CI 

Wallops Model Number GZ- 1093 

Engine/Motor Number 

Rocket Type : Nike-Cajun 

: - 1st Stage 44038, - 2nd Stage PV-16-138-10 

Number of Stages TWO 
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Place of F i r i n g  

Date of F i r i n g  

: Wallops I s l a n d ,  V i rg in i a  

30 November 1962 

T i m e  of F i r i n g  1057 2; 0557 R 

F l i g h t  Information (from Radar Skin Track) 

Pr e d i  c t ed** Ob served 

Peak A l t i t u d e :  93 st. m i .  76 s t .  m i .  

Peak T i m e :  189 sec 170 sec 

I g n i t i o n  Data: Time AJ t i  tude 
sec  f t  

Bottom Stage 0 0 
Stage 2 20.8 39,400 

Burnout Data: Time A 1  t i  tude 
sec f t  

Bottom Stage 
( e s t )  3.5 5,600 

Stage 2 24.1 49,000 

V e  1 o c i  t y  
f t /  sec 

0 
1091 

Veloci ty  
f t l s e c  

3400 
5423 

**Prediction based on f l i g h t  weight - n o t  es t imated weight.  

Impact Data: Time Impact Location 
sec  Range Az imu t 11 

Stage 2 346 69 s t .  m i .  96' 

Launcher S e t t i n g :  Actual E f f e c t i v e  

Azimuth from True North: 117' goo 

E leva t ion  above Horizontal: 83' 80' 

Rocket Information 

Total  Rocket Measured Weight (incJuding payload) 1594 l b s .  

(Propel lant  included i n  the above) 

19 



Tota l  Rocket Length: 321 i n .  

Ind iv idua l  Stage Weights and c .  g . ' s :  

Weight C . G. 
lb s i n  

Pay 1 oad 53.5 46 

Stage 1 1319.5 75 

Stage 2 201 

P.L. + Stage 2 254.5 66 

(3) Nike-Cajun 10.109 

I dent i f i ca t i on 

F1 i g  h t Number 

Wallops Model Number 

EnginelMotor Number 

fCo&~_t n7-n L J  rc 

Number of Stages 

Place of F i r i n g  

Date of F i r i n g  

T i m e  of F i r i n g  

F l i g h t  Information* 

Peak A l t i t u d e  

Peak Time 

I g n i t i o n  Data: 

Stage 1 
Stage 2 

C.G.  To ta l  
Reference Component 

Length ( i n )  

Nose Tip 65 

N.E.P. 150 

107 

N.E.P. 172 

NASA 10.109 C I  

G2- 1094 

- 1st Stage 19707, - 2nd Stage PV-16-138-12 

Mice- Cajun 

h 0  

Wallops I s l a n d ,  V i rg in i a  

5 December 1962 

2200 Z; 1700R 

Predicted** Observed 

93 s t .  m i .  79.7 s t .  m i .  

189 sec 1 7 8 . 1  sec 

T i m e  A l t i t u d e  
sec  f t  

0 0 
19.4 38 , 537 

Veloci ty  
f t /  sec  

0 
1373 
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Burnout Data: T ime  
s ec  

Stage 1 (est) 3.5 
Stage 2 23.4 

Impact Data : Time  
sec  

Stage 1 --- 
Stage 2 354.8 

Launcher Se t t i ng :  

Azimuth from True North 

A l t i t u d e  
f t  

5,600 
51,139 

Range 
n.  m i .  

--- 
83.5 

Actual 

93O 

Veloci ty  
f t /  sec 

3400 
5593 

Azimuth 

E f f e c t i v e  

9 oo 
Eleva t ion  above Horizontal 77.5' 8 0' 

*Source: Radar Skin Track. 

**Prediction based on f l i g h t  weight - no t  es t imated weight. 

Rocket Information 

Total  Rocket Measured Weight ( including payload) - NA 

Total  Rocket Measured C. G. ( including payload) - NA 

Ind iv idua l  Stage Weights and c .  g . ' s :  

Weight C.G.  C.G. Length 
i n  Reference 

Payload 

Stage 1 

Stage 2 
(with payload) 

1,322.62 75 1 1 2  N.E.P. 151 

255.5 65 1 / 2  N.E.P. 172.5 
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T i m e s  of s t age  i g n i t i o n  and burnout and l o s s  of s i g n a l  a r e  given i n  

Table 3-1 .  These a r e  obtained from t h e  te lemetry record.  There i s  a 

discrepancy i n  t h e  t i m e  of second s tage i g n i t i o n  of Nike Cajun 10.109 

given i n  t h i s  t a b l e  (T + 20 .4  sec) and t h e  value obtained from the  tabu- 

l a t e d  r ada r  d a t a  (T + 19 .4  sec )  and quoted i n  t h e  f l i g h t  summary. This 

rocke t  was launched manually, no t  by t h e  automatic t i m e r  normally used, 

and i t  was noted a t  t h e  t i m e  t h a t  the launch was almost one second be fo re  

zero on the  t i m e  count. It appears t h a t  zero t i m e  i n  t h e  t abu la t ed  

t r a j e c t o r y  d a t a  i s  one second a f t e r  t he  a c t u a l  launch t i m e .  Such d i s -  

crepancies  a s  t h i s  could be  avoided i f  t he  r ada r  t a b u l a t i o n  were expres- 

sed i n  Universal  Time a s  are t h e  t i m e  marks on t h e  te lemetry record.  
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TABLE 3-1 

TIMES OBTAINED FROM TELEMETRY RECORD 

10.99 

1st Stage I g n i t i o n  

1st  Stage Burnout 

2nd Stage I g n i t i o n  

2nd Stage Burnout 

Loss of TM (Splash) 

10.108 

1st Stage I g n f t i o n  

1st  Stage Burnout 

2nd Stage I g n i t i o n  

2nd Stage Burnout 

Loss of TM (Splash) 

10.109 

1st Stage I g n i t i o n  

1st  Stage Burnout 

2nd Stage I g n i t i o n  

2nd Stage Burnout 

Loss of 734 (Splash) 

1025:OO.l UT (TI 

1025:03.8 UT (T + 3.7 sec) 

1025:18.8 UT (T + 18.7 sec )  

1025:22.0 UT (T + 21.9 sec )  

1030:53.5 UT (T + 353.4 sec )  

1057:Ol.l UT (0 

1057:04.7 UT (T + 3.6 sec )  

1057:21.9 UT (T + 20.8 se'c) 

1057:25.1 UT (T + 24.0 sec )  

1102:47.2 UT (T + 346.1 sec )  

2200:05.4 UT (T) 

2200:09.0 UT (T + 3.6 sec )  

2200:25.8 UT (T + 20.4 sec) 

2200:29.0 UT (T + 23.6 sec) 

2205:56.9 UT (T + 351.5 sec )  
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3 .3  VEHICLE PERFORMANCE 

The performance of a l l  t h r e e  veh ic l e s  w a s  r a t h e r  lower than predic- 

t e d ;  apogee a l t i t u d e s  of 131, 122 and 128 km were obtained compared with 

the  p red ic t ed  a l t i t u d e  of 149 km. Three e a r l i e r  f l i g h t s  of a somewhat 

heav ie r  payload with i d e n t i c a l  ex te rna l  conf igu ra t ion  had given apogee 

a l t i t u d e s  of 153, 141 and 147 km, c lose  t o  the  p red ic t ed  a l t i t u d e .  It  

i s  i n t e r e s t i n g  t o  examine f u r t h e r  the a v a i l a b l e  d a t a  on the  s i x  f l i g h t s  

t o  determine, i f  p o s s i b l e ,  t h e  cause of t h e  v a r i a t i o n  i n  performance. 

Data r e l a t i n g  t o  the  performance of t h e  second s t a g e  (Cajun) ob- 

t a i n e d  from the  r a d a r  t a b u l a t i o n  i s  given i n  Table 3-2 f o r  t he  s i x  

s imi l a r  rocke t s .  The t i m e  of second s t a g e  i g n i t i o n  together  w i t h  t h e  

a l t i t u d e  and v e l o c i t y  a t  t h a t  t i m e .  The v e l o c i t y  increment of t h e  second 

s t a g e  between i g n i t i o n  and burnout i s  a l s o  given a s  w e l l  as the  maximum 

a l t i t u d e  a t t a i n e d .  The p red ic t ed  values  appropr i a t e  t o  t h e  l a s t  t h r e e  

f l i g h t s  a r e  a l s o  given. 

I t  i s  c l e a r  from t h e  t a b l e  t h a t  t he  second s t a g e  performance, judged 

by t h e  v e l o c i t y  increment, i s  i n  a l l  cases above p red ic t ed  and cannot 

account f o r  t h e  low performance. The most obvious f a c t o r  which p o i n t s  

t o  t h e  cause i s  t h e  v e l o c i t y  a t  second s t a g e  i g n i t i o n .  A l l  v e h i c l e s  

a r e  lower than p red ic t ed  and the  l a s t  t h r e e  more s o  than t h e  f i r s t  

t h r e e .  This low v e l o c i t y  could be caused by low performance of t h e  f i r s t  

s t a g e  (Nike) o r  by unusually high drag during t h e  coas t  between f i r s t  

s t a g e  burnout and second s t a g e  i g n i t i o n .  I n  view of t h e  systematic  

24 
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n a t u r e  of t h e  degradation i n  performance and the  f a c t  t h a t  t h e  proper 

burning t i m e  f o r  t he  Nike was observed w e  a r e  less i n c l i n e d  t o  suspect 

t he  Nike motor than t h e  aerodynamics of t h e  second s t age .  

The experience of t h i s  p r o j e c t  shows t h e  d e s i r a b i l i t y  of r o u t i n e l y  

measuring t h e  performance of the  f i r s t  s t a g e  e i t h e r  by doppler r ada r  a t  

t h e  launch pad o r  by an accellerometer on t h e  veh ic l e .  I n  e i t h e r  case  

much va luab le  information would be accumulated t o  g i v e  a b e t t e r  b a s i s  

f o r  v e h i c l e  design and t r a j e c t o r y  p red ic t ion .  
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3 .4  SPIN STABILIZATION 

One of the o b j e c t i v e s  of the f l i g h t s ,  un re l a t ed  t o  the primary 

o b j e c t i v e ,  was an eva lua t ion  of s p i n  s t a b i l i z a t i o n  f o r  small sounding 

rocke t s .  The s p i n  was achieved by adding wedges t o  the  t r a i l i n g  edge 

of t he  second s t a g e  f i n s  and monitored by two aspec t  magnetometers. 

The wedges on t h e  f i r s t  f l i g h t  (10.99) were c a l c u l a t e d  t o  produce 

5 r p s .  The magnetometers show t h a t  sp in  s t a b i l i z a t i o n  was not  achieved 

and t h e  payload executed a l a r g e  precession cone. I n  t h e  upper p a r t  of 

t h e  t r a j e c t o r y  t h e  s p i n  r a t e  w a s  2.7 r p s  and t h e  p recess ion  cone had 

a ha l f - ang le  of 46' and a per iod of 54 sec. 

p a r t  of t h e  f l i g h t  could not  be  determined due t o  t h e  temporary l o s s  

The s p i n  r a t e  i n  t h e  e a r l y  

of s i g n a l  from the  magnetometers. 

The wedges on t h e  subsequent two f l i g h t s  were redesigned t o  produce 
4 

6 r p s .  The magnetometers show t h a t  s p i n  s t a b i l i z a t i o n  was achieved, 

i n  bo th  cases  t h e  included angle of t h e  p recess ion  cone w a s  8.8 . The 0 

s p i n  r a t e  of 10.108 reached a peak of 6.8 r p s  a t  T + 30 sec and decreased 

t o  a cons t an t  r a t e  of 5 .4  r p s  i n  the upper p a r t  of t h e  t r a j e c t o r y .  

S i m i l a r l y  10.109 reached a peak of 7 . 7  r p s  a t  T + 25 s e c .  which decreased 

t o  4.6 r p s  i n  t h e  upper p a r t  of t he  t r a j e c t o r y .  

p recess ion  cones were s l i g h t l y  d i f f e r e n t :  40 sec  f o r  10.108 and 44 sec  

f o r  10.109. 

The per iods of t he  

The experience of t hese  f l i g h t s  was used as t h e  b a s i s  f o r  a subse- 

quent series of Nike-Apache f l i g h t s .  Wedges were used t o  g i v e  a s p i n  

27 



r a t e  of 6 r p s .  

executed l a r g e  precession cones (14.87 and 14.88). The o the r  f i v e  

were success fu l ly  s t a b i l i z e d  (14.86, 14.91, 14.92, 14.93 and 14.94) a t  

t h e  proper s p i n  r a t e .  

However, of seven rocke t s ,  two f a i l e d  t o  s p i n  up and 

It appears,  on the  b a s i s  of experience with t e n  r o c k e t  f l i g h t s ,  

t h a t  t h e r e  i s  a 30 percent  p r o b a b i l i t y  t h a t  t h e  wedges w i l l  be ine f f ec -  

t i v e  and t h a t  t he  second s t age  and payload w i l l  execute a l a r g e  preces- 

s i o n  cone ( " f l a t  spin"). There i s  a 70 percent  p r o b a b i l i t y  t h a t  s t a b i -  

l i z a t i o n  w i l l  be achieved, t h e  included angle  of t h e  precession cone 

being no g r e a t e r  than 10 . I n  view of t h e  importance of a t t i t u d e  sta- 

b i l i z a t i o n ,  p re fe rab ly  a t  a r a t h e r  lower sp in  r a t e ,  f o r  many instruments  

c a r r i e d  by sounding rocke t s  i t  i s  suggested t h a t  t he  problem should be 

a t t acked  vigorously with t h e o r e t i c a l  s t u d i e s ,  wind-tunnel tes ts  and 

0 

Elore test f l i g h t s .  
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SECTION 4 

0 BSERVATI ONS 

4 .1  ELECTRON DENSITY AND W I N D  STRUCTURE 

The technique used by Manring and Bedinger in measuring the wind 

structure is to release a trail of sodium vapor as the rocket ascends 

and photograph the trail at intervals from four well-separated ground 

stations. 

and sunset when the earth's shadow is at about 85 km. Of the series of 

three pairs of rocket shots at Wallops Island only the first could be 

held for occurrence of Sporadic-E as Shawn on the ionosonde. 

rocket must be launched close to a particular time so we set the launch 

time for the DC:. probe rocket 30 minutes earlier and were prepared to 

"hold" for 20 minutes. The rocket carrying the probe could have been 

launched after the sodium rocket since it is unlikely that the sodium 

(4-  1) 
At present the technique is limited to periods near sunrise 

The sodium 

release would disturb the ionosphere, but it was felt that this might 

lead to some confusion with other rocket shots where the primary pur- 

pose has been to create an artificial ionosphere. 

try on successive days but fortunately the conditions were right on the 

first day and the electron density measurement preceded:-the-wind measure- 

ment by 28-minutes. 

We were prepared to 
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The electron density profile is shown in Figure 4-1.The Sporadic E 

layer is about 4 km thick occurring between 98 and 102 km. The peak 

electron density was greater than anticipated; full scale deflection 

represents an electron density of 3 x 10 cm Beyond that point a 

clipping diode takes over and a very highly compressed scale results. 

The peak electron density in the layer, on descent, is actually about 

1 x 10 cm The difference in layer structure on ascent and descent 

is interesting. The separation of the two penetrations is 67 km hori- 

zontally and about 3 min in time. The ascent shows a bifurcation of 

the layer with a peak density of a little over 3 x 10 while on 

descent a single more intense layer is observed. 

4 -3  

5 -3  

4 -3 cm 

This profile also shows the rather irregular nature of the night- 

An upper layer occur- time E region noted in previous observations. 

ring between 119 and 123 'm should also 3e noted. Above this iayer the 

electron density falls off to 950 cm 

(1-2) 

-3  at rocket apogee (131 km). 

The wind structure is shown inFigure 4-2inthe form of two components, 

North-South and East-West, magnetic. The two layers are indicated. It 

is seen that contrary to expectation each is associated with an East-West 

shear in which the motion is toward the East'below the layer and toward 

the'West in and above the layer. 

at 91 and 111 km do not correspond with any significant feature of the 

Shears in the opposite sense, occurring 

electron density profile. The general motion within the layers is toward 

the North at about 40 m/sec for the main Es layer and toward the South at 

about 70 m/sec for the upper layer. The boundary of the main layer seems 

to be defined by the North-South component. 
t 
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The next pair of flights were made, as it turned out, into a dis- 

turbed ionosphere. The F 

and from 0459 to 0605 no value was recorded; the ionosonde record was 

in fact completely blank during the electron density flight launched at 

0557. 

profile differs noticeably from the previous nighttime observations in 

the scale of irregularity. 

is a small peak at 100 km. It shows up both on ascent and descent 

(horizontal separation 47 km) and is regarded as a very weak sporadic E 

layer. Above 111 km the electron density decreases steadily to a value 

of 1.7 x 10 cm at apogee (122 km) and is still decreasing. 

critical frequency had dropped below 1.9 Mc/s 2 

The electron density profile is shown in Figure 4-3.This pre-dawn 

The most prominent feature of the profile 

3 -3 

The wind data recorded 18 minutes later, Figure 4-4 shows that the 

weak layer occurs in the same position relative to the East-West wind 

shear as had been noted on the previous flight. However, the previous 

flight had shown layers to be occurring near a maximum of the North- 

South component whereas this layer is located close t o  a minimum,in the 

North-South component. 

The third pair of flights were made at sunset. The electron density 

profile,Fiwre 4-5,shows the irregular structure characteristic of the 

nighttime E region. 

altitude is 72 km. 

in the height range 108 to 118 km is unusual. 

density on ascent and descent are about equal (9.4 x 10 

10 cm ) but the heights do not correspond. A similar lack of corre- 

spondence was found in the height range 101 to 107 km on an earlier flight 

The horizontal separation of the profiles at 100 km 

The lack of correspondence between the two profiles 

The peak values of electron 

4 -3  cm and 8.9 x 
4 -3 

(J$ike-Ca jun 10.52). 
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Sporadic E was recorded by the ionosonde during the flight with a 

maximum frequency fEs ranging from 7.7 Mc/s to 9.6 Mc/s. The virtual 

height w a s  recorded as 110 km. 

peak on the ascent profile but in view of the absence of a correspondigg 

peak on the descent profile it is not established that this was the 

feature producing the sporadic E echo. 

This agrees in height with the largest 

At rocket apogee (128 km) the electron density was found to be 

which may be compared with a value of about 1 x 10 cm 3 -3 3 -3 6.3 x 10 cm 

in the pre-dawn measurements and about 1 x lO’~m-~ in daytime profiles. 

The wind components, obtained 16 minutes later, are shown in 

Figure 4-6.Due to poor visibility parts of the profiles are missing 

(dashed lines). 

show any shears crossing the axis. 

sity profile, either ascent or descent, cannot be identified with fea- 

tures on the wind profile. 

The East-West Trofile is unusual in that it does not 

The features of the electron den- 

I 
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4.2 ELECTRON TEMPERATURE 

The measurement of electron temperature in the nighttime E layer 

is limited to the height range 100 to 120 km. Below 100 km the validity 

of the Langmuir probe technique is doubtful while above 120 km the elec- 

tron density falls off to low values and the measurement is inaccurate. 

The two pre-dawn flights (10.99 and 10.108) show a rather large range 

of values with no significant variation with height. Most values lie 

between 350 and 550 K with a probable error in each value of f 50°K. 

There are somewhat lower than values obtained on the previous pre-dawn 

measurement (Nike-Cajun 10.52) where the average was 5 8 0 ° K  with a range 

of 2 1OOoK. It is interesting to note that the flight in the disturbed 

ionosphere (10.108) gave values of electron temperature not signifi- 

c a n t l y  different f r s m  thcse obtained in the n,uite imesnhnre, r-- (10.99). 

Nor was the electron temperature in the sporadic-E layer different from 

that in the adjacent region of the nighttime E layer. 

0 0 

The measurement at sunset (10,109) showed a somewhat lower electron 

temperature in the height range 100-120 km. 

with a range of t 50 K .  A rapid rise of temperature occurs in about 2 km 

near 120 km altitude and from there to apogee (128 km) the average elec- 

trom temperature is 450 K with a range of k 50 K. 

The average value is 3 0 0 ° K  
0 

0 0 

The measurements obtained to the present do not indicate any pat- 

tern to the measurements of  electron temperature but neither does the 

electron density structure of the nighttime E layer show a regularity 
.- 
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from night to night. There is a need for more data on both electron 

temperature so that a search can be made for regular variations, (with 

season, solar cycle, etc) and irregular variations (during ionospheric 

storms, for example or periods of high meteor activity). 

The measurements so far have always indicated a maxwellian energy 

distribution i.e., thermal equilibrium among the electrons, at least 

up to an energy several times greater than the mean energy. 

that this can be assumed to be true in future (routine) measurements 

and the very tedious analysis of the current-voltage curve avoided. 

Several methods are available generally involving small audio frequency 

The electronic signals superimposed on the linear voltage sweep. 

circuits are not difficult to develop and can be incorporated in the 

airborne instrument. This approach has the additional advaritage t h a t  

electron temperature may be transmitted as an analog voltage at a greatly 

reduced bandwidth. 

It is felt 

(4- 2) 
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4 . 3  MEASUREMENTS I N  THE D REGION. 

The i n t e r p r e t a t i o n  of t h e  probe data  i n  t h e  D region (50-90 km) 

i s  n o t  e n t i r e l y  c l e a r .  The Langmuir probe technique i s  not  s t r i c t l y  v a l i d  

below 90 km f o r  two reasons: (a) the presence of nagat ive ions  cannot 

be ignored and (b) t h e  mean f r e e  pa th  of t h e  e l e c t r o n s  becomes small com- 

pared wi th  the  Debye length.  I n  t h e  D r eg ion  f t  would appear t h a t  t h e  

c u r r e n t  flowing i n t o  the  e l ec t rode  i s  determined by t h e  po la r  conducti- 

v i t y  of t he  surrounding medium and, i n  t h e  a c t u a l  case of t h e  f l o a t i n g  

b i p o l a r  probe i n  the  ionosphere,  t h e  c u r r e n t  i n  the  system i s  determined 

by t h e  lower of t h e  two p o l a r  c o n d u c t i v i t i e s  i . e . ,  by the  component of 

conduc t iv i ty  due t o  p o s i t i v e  ions.  

(Nike-Cajun 10.25) was analyzed on 

(4-3 1 
f i l e  of p o s i t i v e  i o n  dens i ty .  

Daytime measurements of probe 

The d a t a  from an e a r l i e r  f l i g h t  

t h i s  b a s i s  and gave an 

cu r ren t  begin a t  about 

a t  n i g h t ,  with somewhat increased s e n s i t i v i t y ,  c u r r e n t  i s  

acceptable  pro- 

50 km while  

f i r s t  measured 

a t  about 75 km. Now very l i t t l e  i s  known with c e r t a i n t y  about t he  lower 

D r eg ion  (below 70 km) but  i t  i s  bel ieved t h a t  t h e  i o n i z a t i o n  (under q u i e t  

s o l a r  cond i t ions )  below 70 km i s  due only t o  cosmic r ays .  

t i v e  i o n  dens i ty  should n o t  show any marked d i u r n a l  v a r i a t i o n  and t h e  posi-  

t i v e  i o n  conduct ivi ty  should no t  change s i g n i f i c a n t l y  from day t o  n i g h t .  

It  appears,  even without d e t a i l e d  t h e o r e t i c a l  a n a l y s i s ,  t h a t  t h e  probe 

c u r r e n t  cannot be s a t i s f a c t o r i l y  explained i n  terms of t h e  conduct ivi ty  

measurement. 

Thus t h e  posi-  
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An acceptable  i n t e r p r e t a t i o n  of the da t a  i s ,  however, obtained i f  

i t  i s  assumed t h a t  t h e  p r o p o r t i o n a l i t y  of probe c u r r e n t  with e l e c t r o n  

d e n s i t y  e s t a b l i s h e d  i n  the  E region a l so  holds  t r u e  i n  the  D region.  

has n o t  y e t  p r o v e d p o s s i b l e t o  check the DC probe a g a i n s t  an independent 

measurement of e l e c t r o n  dens i ty  i n  the D region.  However, w e  f e e l  i t  

g ives  a s i g n i f i c a n t  p i c t u r e  of the s t r u c t u r e  of t he  region although the  

a c t u a l  va lues  of e l e c t r o n  dens i ty  obtained t h i s  way should be t r e a t e d  

with cau t ion .  

I t  

The p r o f i l e s  of probe cu r ren t  obtained from the  f l i g h t s  of Nike-Cajuns 

10.99, 10.108 and 10.109 a r e  shown i n  Figure 4-7 together  w i th  a subse- 

quent daytime p r o f i l e .  The probe cu r ren t  was measured a t  a p o t e n t i a l  

of + 2.7 v .  and,for  c l a r i t y ,  only ascent  d a t a  i s  p l o t t e d ;  on descent  through 

the  r eg ion  the  p r o f i l e s  were r e t r a c e d  wi th  no s i g n i f i c a n t  differences. 

The daytime p r o f i l e  shows c l e a r l y  the  so -ca l l ed  C l a y e r  between 50 

and 65 km with the  peak a t  58 km. The D l a y e r ,  between 65 and 8 2  km, cor- 

responds wi th  the  absorpt ion of Lyman-a r a d i a t i o n .  Above 82 km the  e l ec -  

t r o n  d e n s i t y  inc reases  smoothly i n t o  the E l a y e r .  

The two pre-dawn p r o f i l e s  (10.99 and 10.108) show the  s t eepe r  g r a d i e n t  

t y p i c a l  of t he  r eg ion  a t  n igh t .  The p r o f i l e  a t  sunset  (10.109) i s  most 

i n t e r e s t i n g .  

order  of magnitude below the  daytime va lues ;  t he  except ion i s  the v a l l e y  

between 58 and 70 km bu t  on other  occasions t h i s  v a l l e y  has  been much l e s s  

pronounced. A t  sunset  no ion iz ing  r a d i a t i o n  except cosmic r a y s  reach the  

atmosphere below 90 km and i t  might be expected t h a t  t h e  night t ime cond i t ions  

The e l e c t r o n  dens i ty  i n  t h e  D r eg ion  i s  reduced by about an 
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would already be established. 

with current ideas of the formation of the D region is that it is due 

to photodetachment of electrons from ionization produced by cosmic rays. 

The solar radiation penetrating to this region is in the near W (respon- 

sible for the ozone layer near 30 km), the visible and infrared part of 

the solar spectrum. Further measurements designed to examine the tran- 

sition at sunset from day to night conditions as the sun's shadow rises 

would do much toward an understanding of the D region. 

measurement of the changes in the D region profile near sunset and simi- 

larly near sunrise promises to be a powerful method of studying the pro- 

cesses determining the structure of the region. 

The only possible explanation consistent 

Systematic 
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SECTION 5 

CONCLUSIONS AND RECOMMENDATIONS 

Two f e a t u r e s  cha rac t e r i ze  the  s t r u c t u r e  of t h e  n ight t ime E region.  

The f i r s t  i s  t h e  deep trough which sepa ra t e s  t h e  E and F l a y e r s  a t  

n i g h t .  

dawn t h e  e l e c t r o n  dens i ty  i n  t h i s  reg ion  has  f a l l e n  t o  seve ra l  hundred 

pe r  c m  . 

The lower boundary of t h i s  trough occurs  a t  about 125 km. 3y 

3 

The second f e a t u r e  i s  the  genera l  i r r e g u l a r i t y  of t h e  n ight t ime 

E l aye r .  I t s  v a r i a b i l i t y  from one n igh t  t o  another  i s  i n  marked c o n t r a s t  

t o  t h e  r egu la r  behaviour of t he  daytime E l a y e r .  

The e l e c t r o n  dens i ty  p r o f i l e  obtained a t  sunse t  a l s o  shows i r r e g u l a r  

s t r u c t u r e  c h a r a c t e r i s t i c  of the  night t ime p r o f i l e s .  

unexpected and i n d i c a t e s  t h a t  a r ap id  change i n  s t r u c t u r e  occurs  i n  the  

late af ternoon.  

This  w a s  q u i t e  

In view of t h e  gene ra l ly  i r r e g u l a r  na tu re  of t h e  r eg ion  a t  n i g h t  

and the  marked s t r a t i f i c a t i o n  .the i d e n t i f i c a t i o n  of Sporadic E l a y e r s -  

i s  more d i f f i c u l t  than i n  t h e  daytime p r o f i l e s .  

of occurrence i s  most o f t e n  wi th in  a few k i lometers  of 100 km. The 

However, t h e  he igh t  
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t h r e e  most i n t e n s e  cases  we. have observed have peaks a t  102.5 km (Nike- 

Cajun 10.51, n i g h t ) ,  102.9 km (Aerobee 4.48, day) and 99.5km, (Nike- 

C a j  (in 10.99, n i g h t ) .  Seddon 

(Aerobee NRL-50, day) and 98 km (Aerobee NN3.11F, n i g h t )  and quotes a 

has r epor t ed  cases  with peaks a t  100.9 km (5-1) 

n ight t ime observa t ion  of H. S. W. Massey showing a peak a t  100.5 km. 

This narrow range of he ight  (98-103 km) d i s t i n g u i s h e s  Sporadic E from 

the  less pronounced ledges and l a y e r s  which are commonly found on the  

e l e c t r o n  dens i ty  p r o f i l e  up t o  90 km i n  the  day and up t o  120 km a t  

n i g h t .  

Comparizon of the  e l e c t r o n  dens i ty  p r o f i l e s  wi th  t h e  wind obser- 

v a t i o n s  has  ind ica t ed  a d e f i n i t e  r e l a t i o n  i n  l a y e r  formation. 

t i c u l a r  f e a t u r e  of t h e  wind p r o f i l e  i s  a shear i n  the  East-West component 

The par- 

i n  which t h e  motion i s  towards the  East on the  low s i d e  and toward the  

West on t h e  h igh  s i d e .  Three examples of t h i s  type of shear (above 

90 km) each gave r ise  t o  a l aye r .  On t h e  f l i g h t  of 7 November 1962 

such a shear a t  98 km produced an i n t e n s e  Sporadic E l aye r  while  a 

comparable shear a t  119 km produced a r a t h e r  weaker layer .  On the f l i g h t  

of 30 November 1962 t h e  shear a t  99.5 km produced a minor l aye r .  

shear of t h i s  type was observed on t h e  f l i g h t  of 5 December 1962, nor 

d i d  t h e  e l e c t r o n  dens i ty  p r o f i l e  conta in  a c l e a r l y  i d e n t i f y a b l e  Sporadic E 

l a y e r .  However t h e  ionosonde w a s  i n d i c a t i n g  s t rong  Sporadic E. This 

NO 

must be regarded as an anomalous case n e i t h e r  supporting nor disproving 

t h e  r e l a t i o n  which was ind ica t ed  i n  t h e  prev ious  measurements. 

46 



It i s  i n t e r e s t i n g  t h a t  each of t h e  t h ree  l a y e r s  i s  centered some- 

what above t h e  p o i n t  of zero v e l o c i t y  i n d i c a t i n g  a n e t  motion t o  the  

West. This combines with t h e  North-South component t o  determine t h e  

a c t u a l  motion of t he  l a y e r s .  

The r o l e  of t he  North-South component of wind i s  no t  c l e a r .  I n  

the  case  of t he  i n t e n s e  sporadic-E layer  of 7 November 1962 i t  appears 

t o  d e f i n e  t h e  boundaries of t h e  l aye r .  

The observat ions support  Whitehead's theory of t h e  formation of 

t he  sporadic-E l a y e r .  There a r e  two f e a t u r e s ,  however, which the theory 

does no t  explain.  The f i r s t  concerns t h e  he igh t  of  occurrence. It  

has  been noted t h a t  t h e  l aye r  i s  most f r equen t ly  observed t o  occur a t  

an a l t i t u d e  c l o s e  t o  100 km. This may be i n t e r p r e t e d  t o  mean t h a t  

t he  p a r t i c u l a r  wind shear a l s o  has a s t rong preference f o r  t h i s  he igh t  

o r ,  and t h i s  i s  f e l t  t o  be more f e a s i b l e ,  some f a c t o r  has  been omitted 

from t h e  theory which produces a "resonance" e f f e c t  a t  t h i s  he igh t .  

The second f e a t u r e  which i s  no t  adequately explained by t h e  Whitehead 

theory i s  the  source of t h e  i o n i z a t i o n  i n  t h e  l a y e r s .  I f  i t  i s  t r ans -  

ported from adjacent  r eg ions  t h e r e  should be a n o t i c a b l e  r educ t ion  i n  

e l e c t r o n  dens i ty  i n  t h e  normal E l aye r .  

t he  daytime measurements b u t ,  apparent ly ,  t he  E l aye r  peak e l e c t r o n  

d e n s i t y  ( a s  shown by the  c r i t i c a l  frequency) i s  no t  reduced when sporadic  E 

forms . 

This would show up c l e a r l y  i n  
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The simple experimental techniques used in this project have 

established the feasibility of direct measurement of sporadic E and have 

indicated a definite relationship with winds. 

more nearly simultaneous, are required to difinitely establish this 

relationship and to determine what other features, if any, of the 

electron density profile are related to wind structure. 

Further measurements, 
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APPENDIX A 

A SIMPLE METHOD OF TRAJECTORY 

DETERMINATION FOR SOUNDING ROCKETS 

This  s tudy of a simple method of t r a j e c t o r y  de te rmina t ion  f o r  

sounding rockets  w a s  generated by p r a c t i c a l  necess i ty .  S i x  rocke ts  

(Nike-Apache) instrumented t o  measure e l e c t r o n  d e n s i t y  and s o l a r  radia- 

t i o n  are t o  be launched from For t  Churchi l l  dur ing  the  e c l i p s e  of 20 

Ju ly  1963. It i s  p a r t i c u l a r l y  important t h a t  an  accu ra t e  t r a j e c t o r y  be 

recorded f o r  each f l i g h t  s o  t h a t  the  change i n  t h e  e l e c t r o n  d e n s i t y  

p r o f i l e  may be  accu ra t e ly  observed. 

be used hut i t  was f e l t  very des i r ab le  t o  provide an  independant method 

of ob ta in ing  the  v e h i c l e  a l t i t u d e  as a func t ion  of t ime;  range and azi: 

R a d a r  t r a c k i n g  of t he  veh ic l e s  w i l l  

(A- 1) muth a r e  less important f o r  t h i s  and many o t h e r  experiments.  Dovap 

and s imilar  systems provide such an a l t e r n a t i v e  technique but  a t  t he  

expense of added complexity i n  the  payload and the  ground s t a t i o n .  

Another approach i n  which the  peak a l t i t u d e  i s  e s t i m a t e d  from the  t i m e  

of f l i g h t  from launch t o  impact has been shown t o  be use fu l .  

t e rmina t ion  of t he  te lemet ry  s i g n a l  i s  not  e n t i r e l y  s a t i s f a c t i o n  as a 

The 
(A- 2) 

c r i t e r i o n  of impact; t he  s i g n a l  may be l o s t  p r i o r  t o  impact under unfav- 

o rab le  condi t ions .  The method a l s o  involves  somewhat e l a b o r a t e  ca l cu la -  

t i o n s  of drag. 

provided by using the  t ime-of - f l igh t  above some re fe rence  a l t i t u d e ,  

I n  t h i s  note  i t  i s  shown t h a t  a much s i m p l e r  method i s  
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detec ted  by an on-board device.  

poss ib l e  (70,000 f e e t  appears t o  be a p r a c t i c a l  l i-mit)  t he  c o r r e c t i o n  

drag  becomes very s m a l l  and the  t r a j e c t o r y  i s  determined with a mini- 

mum of computation. An l l l t i t u d e  switch has been found t o  be a conven- 

When t h i s  a l t i t u d e  i s  made a s  high as 

i e n t  method of marking the  passage through the  re ference  a l t i t u d e ;  i t  

is reliable and accu ra t e ,  u ses  no power and is  small i n  s i z e  and weight. 

The eva lua t ion  of t he  technique has been made with respec t  t o  a 

series of f i v e  Nike-Cajuns launched from Wallops I s l and ,  V i rg in i a ,  i n  

t he  course of an i n v e s t i g a t i o n  of t he  ionosphere using the  Langmuir 

probe technique,  The payload weight var ied  between 53 and 58 l b s .  
* 

b u t  t he  e x t e r n a l  conf igu ra t ion  was i d e n t i c a l .  It cons is ted  of a c y l i n -  

d r i c a l  s e c t i o n  31 i n .  long, 6 .5  in .  diameter  surmounted by a n  11 degree 

nose cone, 34 i n .  long. Two quadraloop antennas were mounted e x t e r n a l l y  

on each payload. Three payloads (10.99, 10.108 and 10.109) c a r r i e d  

a l t i t u d e  switches set f o r  55,000 f e e t ,  and i n  a d d i t i o n  payload 10.99 

c a r r i e d  an a l t i t u d e  switch set f o r  70,000 f e e t .  The payloads were 

vented through four  ho le s ,  0.75 in .  diameter, equal ly  spaced on the  

circumference a t  54 i n  from t he  nose t i p .  

Model AA200** manufactured by Speidel  Corporat ion,  Warwick, Rhode I s l and .  

The dimensions are: 

The u n i t  c o s t  i s  about $40. 

The a l t i t u d e  switches were 

he ight  1.2 in . ,  diameter 1.6 i n . ,  weight 2 02 .  

The u n i t s  were ind iv idua l ly  r e c a l i b r a t e d  

* 
Under c o n t r a c t s  Nos. NASw-98 and NASw-489. 

a s  rece ived ,  they were l abe l l ed :  No. 74-6617-F. 
** 
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i n  a small  a l t i t u d e  chamber and found t o  be very s t a b l e .  Other a l t i t u d e  

switches a r e  ava i l ab le  but  i t  was beyond the scope of the p ro jec t  t o  

eva lua te  o ther  types.  

The da ta  obtained from radar  fo r  the f i v e  f l i g h t s  a r e  given i n  

TableA- l .The  peak a l t i t u d e  is corrected f o r  e a r t h  curvature ,  i . e .  i t  

" is the a c t u a l  he ight  a t  apogee measured from sea l eve l .  The same da ta  

is represented g r a p h i c a l l y i n  Figure A-l together  with a t h e o r e t i c a l  f r e e -  

f a l l  curve (pa r t  of a parabola)  where an e f f e c t i v e  value of the acce l -  

e r a t i o n  due t o  grav i ty  ( 8 ' )  is chosen to give the best  f i t .  It is 

seen t h a t  the  l i m i t  of s c a t t e r  of the po in t s  about t h i s  l i n e  is about 

- + 0 .5  Ian. 

decrease of g with height  and mus t  be regarded a s  an empir ical  value.  

The low value of g' is not e n t i r e l y  accounted for by the 

TABLE A - 1  

Time of P l igh t  Above Reference Level 

Rocket 55,000 f t  70,000 f t  Peak A l t i t u d e  

141* km 
* * 

10.5.1 325.8 sec  319.6 sec 

10.52 334 , l+sec  328.1 + sec  147,l+km 

10.99 ,313. 3 sec  307. l'sec 131,4+km 6 

10.108 300. o+sec 293.2'sec 122.0+km 

10.109 309.5 + sec 303. O'sec 128.3+km 

* 
Radar, p l o t  board da t a  

'Radar, tabulated da ta  
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The technique may be understood by r e fe rence  t o  Figure A-2  which 

shows the  v a r i a t i o n  of t he  v e r t i c a l  component of v e l o c i t y  during t h e  

f l i g h t  of a t y p i c a l  Nike-Cajun having a low-drag conf igura t ion .  The 

d a t a  i s  obtained from the  radar t r a j e c t o r y  f o r  t h i s  f l i g h t .  The l i n e a r  

p o r t i o n  of t h i s  graph i s  the  f r e e - f a l l  reg ion  and shows an  e f f e c t i v e  

va lue  of g of about940cm/sec . The i n i t i a l  and f i n a l  po r t ions  ( a l t i t u d e s  

below about 125,000 f e e t )  show t h e  e f f e c t  of aerodynamic drag. It i s  

apparent ,  however, t h a t  above 70,000 f e e t  t he  e f f e c t  of drag i s  s m a l l .  

2 

The asymmetrial na tu re  of t h e  drag  produces an  asymmetry i n  t h e  

t r a j e c t o r y .  This  i s  i l l u s t r a t e d  i n  Figure A-3 i n  an exaggerated form. 

The parabola  which co inc ides  with the  upper p a r t  of the  a c t u a l  t r a j e c -  

t o r y  c ros ses  the  re ference  a l t i t u d e  z 

e a r l i e r  than the  a c t u a l  t i m e s  t 

a t  times ti and t '  which are 

I n  t h e  case  of Nike-Cajun 

0 2 

and t2. 1 

10.99, t he  a c t u a l  t r a j e c t o r y  shows t h a t  f o r  a r e fe rence  a l t i t u d e  of 

70,000 f e e t  t l  and t2 are 26.0 and 333.1 seconds a f t e r  launch. 

f i t  parabola  leads t o  va lues  of ti and ti which are both e a r l i e r  t han  

the  observed va lues  by 0.7 seconds. S i m i l a r l y ,  f o r  Nike-Cajun 10.52, 

The b e s t -  

tiie t i m e  d i f f e r e n c e  t 

s e n t  s m a l l  c o r r e c t i o n s  t o  t h e  t r a j e c t o r y  and t h e  d i f f e r e n c e  i s  no t  r e a l l y  

- ti = t2 - ti = 0.4 seconds. These t i m e s  r ep re -  1 

s i g n i f i c a n t .  This  leads t o  the  empir ica l  r u l e  t h a t  an  improved t r a j e c t o r y  
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OICBBJ - I A  

APOGEE 

Figure A - 3 .  Effect of drag on trajectory, (exaggerated). 
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i s  obtained by sub t r ac t ing  0.5 seconds from the  times a t  which t h e  

rocket  passes  t h e  70,000 f e e t  reference a l t i t u d e .  This a l s o  implies 

t h a t  t h e  a c t u a l  t i m e  a t  apogee i s  ear l ier ,  by 0.5 seconds, than t h e  

mean of t and t 2' 1 

The equat ion of t h e  t r a j e c t o r y  ( a l t i t u d e  versus  t ime) may be con- 

v i e n t l y  expressed by t h e  following: 

2 1 
z = z '  - 3 g'  (t - t ' )  

where z i s  t h e  a l t i t u d e  above sea l e v e l  a t  t i m e  t ,  z' i s  t h e  a l t i t u d e  

a t  apogee, g '  is  t h e  "effect ive" value of g, and t '  i s  t h e  a c t u a l  t i m e  

of apogee, obtained from tl and t2 as described above. 

t o  be used i n  this formula incliides an  e z p i r i c a l  co r rec t ion  for drag. 

It i s  determined by ana lys i s  of  an a c t u a l  t r a j e c t o r y .  For the  r e f e r -  

ence a l t i t u d e  of 70,000 f e e t ,  t h e  bes t  value of g '  i s  found t o  be 936 

cm/sec2 f o r  Nike-Cajun 10.52 and 933 cm/sec2 f o r  Nike-Cajun 10.99. 

Again, the  d i f f e rence  is  not  s i g n i f i c a n t  and a mean value of g' of 935 

cm/sec is  t o  be used f o r  t h e  series. 

The value of g '  

2 

The t i m e  of f l i g h t  above a reference a l t i t u d e  has  been found t o  be 

a usefu l  guide t o  t h e  re la t ive performance of a series of sounding 

rockets  having similar payloads. 

ical  co r rec t ion  can be appl ied and an accura te  t r a j e c t o r y  computed 

knowing only t h e  t i m e s  a t  which the rocket  passes  t h e  re ference  a l t i t u d e  

It i s  a l s o  found t h a t  a s m a l l  empir- 

on ascent  and descent .  
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The technique is potentially most valuable when a series of simi- 

lar payloads is to be launched by the same type of vehicle in a large 

scale program such as is envisioned for the IQSY. 

ing by radar at one site would serve as a basis for determining the 

trajectories of rockets at other sites not having tracking equipment. 

The accurate track- 
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APPENDIX B 

CALCULATION OF TRAJECTORY 

The baroswitches,  nominally s e t  for  70,000 f t ,  a r e  i n d i v i d u a l l y  

c a l i b r a t e d  f o r  decreasing p res su re  (ascent)  and inc reas ing  p res su re  

(descen t ) .  Due t o  the  d i f f e r e n t i a l  t r a v e l  i n  the  microswitch these  two 

readings d i f f e r  by an amount equivalent  t o  about 1 o r  2 km i n  a l t i t u d e  

and, i n  p r a c t i c e ,  n e i t h e r  i s  e x a c t l y  a t  t he  nominal s e t t i n g  of t h e  

baroswitch.  The f i r s t  s t e p  i n  computing the t r a j e c t o r y  i s  t o  c o r r e c t  

the observed swLtchFr?g t i m e s  t o  the  r e fe rence  a l t i t u d e  of 70,000 f t  

(21.3 km). 

The procedure f o r  co r rec t ing  the  baroswitch and computing the  

apogee a l t i t u d e  and t i m e  i s  i l l u s t r a t e d  i n  Table B - 1  by the da t a  from 

Nike-Apache 14.92. Lines 1 t o  4 i d e n t i f y  the f l i g h t .  Line 5 g ives  

the va lues  of t he  cons t an t s  g '  and z . Line 6 g ives  the baroswitch 

c a l i b r a t i o n  determined p r i o r  t o  the  f l i g h t .  Line 7 g ives  t h e  correspond- 

ing a l t i t u d e s  obtained from the  1959ARDC Model Atmosphere. Line 8 g ives  

the a c t u a l  t i m e s  of switching observed during the f l i g h t .  The d i f f e r e n c e  

between these ,  ( t  - t  ), g ives  the  time of f l i g h t  uncorrected f o r  the baro- 

switch a l t i t u d e  e r r o r .  This f i r s t  approximation t o  the t i m e  of f l i g h t  

0 

2 1  
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TABLE B-1 

COMPUTATION OF APOGEE ALTITUDE AND TIME 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

I 

I 

Rocket: Nike-Apache 14.92 

Date: 20 July 1963 

Time: 2113:OO UT 

Place: Fort Churchill, Manitoba 

Constants used: g' = 935 cm/sec ; reference altitude, z = 21.3 km 

Baroswitch calibration: ascent 36.5 mm Hg; descent 45.0 mm Hg. 

Baroswitch altitude: ascent 20.8 km; descent 19.5 km 

Switching time: 

Time of flight (first approximation): (t -t ) = 390.9 sec 

2 
0 

ascent (t,) 2113:28.9 UT; descent (t,) 2119:59.8 UT 

2 1  
I 1 10. Velocity at reference z i l t i t d e :  
i 

g'(t2-tl)/2 = 467.5 x x 390.9 = 1.83 km/sec 
I 

11. Time correction: ascent 0.5/1.83 = 0.3 sec (add); 

descent 1.8/1.83 = 1.0 sec (subtract) 

12. Switching times (corrected): ascent (t,) 2113:29.2 UT; 

descent (t,) 2119:58.8 UT 

13. Time of flight (corrected): (t -t ) = 389.6 sec 4 3  
n 

.6 

15. Apogee time: t' = (t3 + t4)/2 - 0.5 sec = 2116:43.5 UT 
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i s  used t o  compute the v e r t i c a l  component of v e l o c i t y  a t  the r e fe rence  

l e v e l ,  a s  shown i n  l i n e  10. The co r rec t ions  t o  be applieti  t o  t he  observed 

switching times t o  br ing them t o  the  reference a l t i t u d e  a r e  obtained 

by d iv id ing  the he igh t  e r r o r  by the  v e r t i c a l  v e l o c i t y .  The va lues  given 

i n  l i n e  11 a r e  t o  be added t o  and subtracted from the times observed on 

a scen t  and descent r e s p e c t i v e l y ,  giving the  co r rec t ed  switching t i m e s ,  

l i n e  1 2 .  The co r rec t ed  time of f l i g h t  i s  the  d i f f e r e n c e  between these  

two t i m e s  (t  t ) ,  l i n e  13. Apogee a l t i t u d e  i s  immediately obtained,  

l i n e  14 ,  assuming the  e f f e c t i v e  value of g '  determined previously.  Apogee 

t i m e ,  l i n e  1 5 , i s  determined a s  being 0 . 5  sec e a r l i e r  than the  mid-point 

of t he  t i m e  of f l i g h t .  Comparison of a l t i t u d e s  and times obtained froi.1 

the baroswitch with those obtained by radar  s k i n - t r a c k y  i n  e a r l i e r  f l i g h t s ,  

i nd ica t e s  t h a t  t he  probable e r r o r  i n  a l t i t u d e  i s  - + 0.5  km and i n  t i m e  

i s  + 0 .5  sec.  

4- 3 

- 

Knowing the  apogee a l t i t u d e  z' and time t ' t h e  t r a j e c t o r y  ( a l t i t u d e  

z ver sus  t i m e  t )  i s  e a s i l y  computed using the  formula 

z = z '  - +' )  2 . 

The c a l c u l a t i o n  i s  convenient f o r  a desk computer. The f i r s t  s i x  l i n e s  

of t he  t a b u l a t i o n  f o r  t h e  t r a j e c t o r y  of Nike-Apache 14.92 a r e  shown 

i n  Table B-2.The t r a j e c t o r y  i s  then p l o t t e d  and a smooth curve drawn 

through the  p o i n t s .  It i s  found t h a t  t he  ten-second i n t e r v a l  of t he  

computation i s  s u f f i c i e n t .  
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TABLE B-2 

COMPUTATION OF TRAJECTORY 

Rocket: Nike-Apache 14.92 

Constants used: d, , = 4.675 10 -3 km/sec 2.  , 
L 

2 '  = 198.8 km; 

5 UT t' = 21 

t 

UT 

2113 : 30 

40 

50 

2114:OO 

10 

20 

etc. 

6:43 

It-t' I 
sec 

t-t' 

2 sec 

193.5 3.744 

183.5 3.367 

173.5 3.010 

163.5 2.673 

153.5 2.356 

143.5 2.059 

etc. etc. 

2 

lo4 

km 

175.0 

157.4 

140. i 

125.0 

110.1 

96.3 

etc. 

z 

km 

23.8 

41.4 

55,1 

73.8 

88.7 

102.5 

etc. 
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